INTRODUCTION
Photodetectors which can convert incident light into electrical signal have drawn much attention due to their extensive applications, such as optical communications, biological imaging, environmental monitoring, and chemical sensing [1] [2] [3] [4] . According to the different wavelength range of detection, the photodetectors can be mainly divided into special wavelength detector and broadband detector [5, 6] . The special wavelength photodetectors are desired to distinguish a certain narrow-band light or single wavelength light, which are mainly used in the field of a specific wavelength light detecting and optoelectronic integrated circuits. The broadband photodetectors have been widely used in the field of broadband light communication, wide spectral switches or memory storage because of their spectral detection range from ultraviolet (UV) to infrared (IR). Compared to rigid substrate photodetectors, flexible photodetectors with excellent transparency and flexibility are usually fabricated on bendable plastic substrates [7] [8] [9] . In recent years, high-performance flexible photodetectors have drawn much attention in many fields, such as large-area foldable displays, wearable ultraviolet radiation monitoring, and implantable biomedical devices, etc. [10] [11] [12] . Many kinds of flexible broadband photodetectors based on pure semiconductors or composite nanostructures have been carefully investigated [13, 14] . Recently, some efforts have been made to enhance the performance of the flexible photodetector by forming inorganic AuO x /graphene and organic/inorganic perovskite/ZnO nanowire hybrid structure [15, 16] . However, the active materials (graphene and ZnO nanowires) of the photodevices were synthesized via high temperature physical evaporation route. The high energy consumption and complicated fabrication processes of the active materials strongly limit their practical applications. Therefore, it is urgent to fabricate proper nanomaterials with broadband response and easily large-scale assembly in the field of flexible and broadband photodetector. Recently, solution-processed colloidal inorganic quantum dot (QD) or nanoparticle (NP) materials for photodetectors exhibited many advantages, including lowtemperature solution routing, potentially large-scale manufacturing, and compatibility with inexpensive or bendable substrates [17] [18] [19] [20] . Moreover, QDs are in favor of the tunable absorption spectrum by controlling the size of the QDs during the synthesis process [19] . Specifically, lead sulfide (PbS) QDs have been widely employed in photodetectors because of their inherent narrow bandgap (~1.3 eV) and tunable absorption spectra from the nearinfrared (NIR) to visible (Vis) [21, 22] . So far, PbS QDs as essential photoactive layers have been utilized to construct different kinds of optoelectronic devices, such as p-n junction photodiodes, PIN photodetectors, and solar cells [23] [24] [25] . Compared with other semiconductors, ZnO with a room-temperature bandgap of 3.3 eV have attracted extensive attention owing to their easy fabrication process and photosensitivity for UV light detection. [23, 26] . Some studies have been done to fabricate different ZnO nanostructures for UV photodetectors and improve their performances [27, 28] . However, the performances of single-layer devices are often affected by large dark currents, low on-off ratios, slow light responses and narrow spectral response range [29] [30] [31] . To overcome the drawbacks of the single-component nanomaterial devices, hybrid architecture or heterostructure (such as PbS QDs/organic hybrid structure and PbS QDs/1D or 2D inorganic nanostructure) have been developed to improve the performance of the photonic devices [32] [33] [34] . Although the PbS QDs/ZnO nanowires hybrid structures were demonstrated in solar cells and photonic devices in recent years [20, 22, 33] , so far, flexible and broadband PbS QDs/ZnO NPs heterostructure based photodetector is still rarely reported.
In this work, the crystalline PbS QDs/ZnO NPs heterostructure based two-terminal contact flexible photodetector was fabricated by photolithography and lift-off technique. Each component of the heterostructure has been well characterized. The optoelectronic properties of the flexible photodetector with broadband light illumination from UV-Vis to NIR (375, 532, 635, 808 and 1,064 nm) were investigated in detail. It exhibits a remarkable current on/off ratio of 7.08×10 3 with 375 nm light illumination as well as a high spectra responsivity and detectivity of 4.54 A W −1 and 3.98×10 12 Jones, respectively. Moreover, the flexible photodetector displays excellent mechanical and electrical stability even after 500 bending cycles. The photoresponse enhancement mechanism of PbS QDs/ZnO NPs heterostructure has also been discussed.
EXPERIMENTAL SECTION

Synthesis and characterization
Synthesis of PbS QDs
The oleate-capped PbS QDs were synthesized via a rapid hot injection method by following a reported procedure [35] . Briefly, 10 mmol of lead acetate and 7 g of oleic acid (OA) were dissolved in 60 g of 1-octadecene (ODE) in a three-neck flask by heating the mixture to 100°C under vacuum for 2 h. Then, the solution temperature rose to 120°C and maintained for 1 h under nitrogen. After that, 9 mL of ODE and 1 mL of hexamethyldisilathiane (HMS) were rapidly injected into three-neck flask. The QDs were purified by isopropanol and re-dispersed in hexane and acetone two times. The as-synthesized QDs were stored in a nitrogen filled glove box. Finally, PbS QDs were redispersed in hexane (20 mg mL -1 ) for the device fabrication.
Synthesis of ZnO NPs
ZnO nanoparticles were synthesized according to the literature with some modification [36] . Firstly, 1.48 g zinc acetate dehydrate was added into 62 mL of methanol, and then 0.74 g potassium hydroxide was dissolved in 32 mL of methanol. The pre-prepared potassium hydroxide solution was added to the zinc acetate solution slowly, and kept stirring for 3 h at 60°C. The as-synthesized solution was washed twice with methanol and then centrifuged. Finally, the obtained precipitates were dissolved in 10 mL of chloroform and 10 mL of methanol, and the mixed solution was filtered by a 0.45 μm syringe filter.
Characterization
The morphology and structure of the as-synthesized products were characterized by transmission electron microscopy (TEM, FEI Tecnai G2 F20 S-TIWN) equipped with energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD, Empryean) with Cu Kα radiation (λ=1.5406 Å). The chemical composition of the as-synthesized products was analysed by X-ray photoelectron spectroscopy (XPS) measurement (Kratos AXIS UltraDLD) using a monochromic Al Kα source (1,486 eV). UV-Vis absorption spectra were recorded by a Perkin Elmer Lambda 750 UV-Vis-near-infrared spectrophotometer. Photoluminescence (PL) measurements were performed on samples pre-prepared on quartz substrates, with a 400 nm Ti:sapphire laser (Coherent, Mira 900, repetition rate 76 MHz) as excitation source. The emission spectra were recorded by a cooled array detector (Andor, iDus 1.7 µm).
Device fabrication and measurements
ZnO NPs film (~100 nm) were deposited on pre-cleaned polyethylene terephthalate (PET) substrates by spin coating at the speed of 2,500 rpm. Ti/Au (10 nm/100 nm) electrodes with a channel length of 5 μm were deposited on top of the ZnO NPs films by photolithography (SUSS Inc., MJB4) and electron-beam evaporation (Kurt. J. Lesker Inc.) method. Then, 20 μL PbS QDs octane (20 mg mL -1 ) solution was spin-coated on the top of ZnO NPs device at 2,500 rpm for 30 s. For the ligand exchange, the poly(3,4-ethylenedioxythiophene) (EDT)/acetonitrile solution was dropped on the device and maintained for 60 s, followed by rinsing and spinning steps with acetonitrile. These procedures were repeated twice to get a thickness of~40 nm PbS-EDT layer and all devices were annealed in vacuum at 90°C for 5 min. The I-V and I-t characteristic of the photodetectors were recorded by a Keithley SCS-4200 semiconductor characterization system equipped with CASCADE M150 Probe Station. The different wavelength laser light (375 to 1,064 nm) (Changchun Laser Optoelectronics Technology, MW-GX-375, MW-GX-405, MW-GX-532, MW-GX-635, MW-GX-808, and MW-GX-1064) was monochromatic light with light intensity adjustable. The optical power meter (CEL-NP2000) was employed to measure the incident light intensity. The bending repeatability test was performed by an automatic linear motor (Winnemotor, WMUC512075-06-X).
RESULTS AND DISCUSSION
The fabrication process and characterization of the PbS QDs/ZnO NPs heterostructure are shown in Fig. 1 . The fabrication process flow of a typical flexible PbS QDs/ ZnO NPs heterostructure based photodetector is schematically illuminated in Fig. 1a . Firstly, ZnO NPs were deposited on pre-cleaned PET substrates by spin coating method (Step I). Ti/Au (10 nm/100 nm) electrodes with a distance of 5 μm were deposited on top of the ZnO NPs films by photolithography, electron-beam evaporation and lift-off processes (Step II). Then, the as-synthesized OA capped PbS QDs films were spin-coated on the top of ZnO NPs films. (Step III). After that, the ligand exchange was carried out by dropping the EDT/acetonitrile solution on the complex film (Step IV) and the flexible PbS-EDT/ZnO heterostructure based photodetector can be obtained. The TEM and equipped EDS were primarily employed to characterize the morphology and chemical composition of the as-synthesized products, as shown in Fig. S1 . It is obvious that the size distribution of ZnO NPs and PbS QDs are uniform, and the OA capped PbS QDs are well-separated (Fig. S1a, c) . The EDS analysis reveals that the NPs (QDs) are composed of zinc and oxygen (lead and sulfur) with an atomic ratio close to 1:1 (1:1) (Fig. S1b, d ). The XPS results further confirmed the chemical composition of the PbS QDs and ZnO NPs (Figs. S2, S3 ). The HRTEM images exhibit that the average diameters of the ZnO NPs and PbS QDs arẽ 5 nm and~3 nm, respectively (Fig. 1b, c) . The lattice fringe spacings are observed to be 0.282 and 0.296 nm, corresponding to the (10−10) plane for ZnO and (200) plane for PbS, respectively. The XRD patterns of the asprepared ZnO and PbS films reveal that the products can be attributed to hexagonal structure ZnO (a=3.25 Å, c =5.21 Å, JCPDS card 01-070-2551) and cubic structure PbS (a=5.93 Å, c=5.93 Å, JCPDS card 01-078-1901) with uniformly compositions (Fig. 1d) . The XRD results further confirm the heterostructures are composed of crystalline ZnO and PbS.
The characterization and performance of the flexible PbS QDs/ZnO NPs heterostructure based photodetector are shown in Fig. 2 . The schematic illustration displays a two-terminal contact flexible photodetector, with PbS QDs/ZnO NPs as building blocks, PET as substrate and Ti/Au as metal electrodes (Fig. 2a) . Fig. S4 displays the SEM image of the flexible photodetector. The cross-sectional SEM image (Fig. S5) shows that the clear interface of PbS/ZnO heterostructure is tightly integrated. The UVVis absorption spectra of the as-synthesized ZnO NPs and PbS QDs reveal that the ZnO NPs have a strong absorption at the wavelength lower than 375 nm, and the PbS QDs absorption peak centered at~876 nm. The PbS/ ZnO reveals a complementary absorption peak from UV to NIR, which is very promising for the broadband photodetector (Fig. 2b) . The I-V curves of the flexible photodetector illuminated with different-wavelength lights (375, 532, 635, 808 and 1,064 nm) are found to be highly sensitive under the broadband light illumination (Fig. 2c) , which are related to the PbS QDs, as they act as a strong light absorption layer and NIR sensitizers. The photocurrent increased with the decreasing laser wavelength due to more excitons produced by the high excitation energy. In addition, I-V characteristics of the devices are quasi-linear because of the ohmic contact between PbS QDs/ZnO NPs channel and Ti/Au electrode (Fig. S6) . In comparison, the pure ZnO NPs photodetector shows a photoresponse only in the UV region and a weak response in Vis and NIR region (Fig. S7a) , while the pure PbS QDs photodetector exhibits high dark current (Fig. S7b) and low on/off ratios compared with the PbS QDs/ZnO NPs heterostructre based photo- . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   228 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . detector. The I-V characteristics of pure ZnO NPs films, PbS/ZnO heterostructre, and pure PbS QDs films photodetector under dark and 375 nm light illumination were also investigated (Fig. S8 ). Both the pure ZnO NPs films and PbS/ZnO heterostructure exhibit an enhanced photocurrent with 375 nm (UV) light illumination. Compared to pure ZnO NPs devices, the optoelectronic performance of heterostructure shows a slight decrease with UV light illumination. The first reason for the slightly decreased photocurrent of the heterostructure is the formation of PbS QDs thin film on the top of the ZnO NPs films, which weakened the UV light absorption for ZnO NPs. The other reason is that the lower carrier mobility of the PbS QDs in the heterostructure films leads to the slight decrease of photocurrent compared with the pure ZnO NPs devices in the UV range. According to previous reports, the higher carrier mobility of ZnO NPs compared with that of PbS QDs will lead to better photoresponse [34, 37] . Thus, we deem that the PbS QDs will reduce the carrier mobility of PbS QDs/ZnO NPs heterostructure compared with the pure ZnO NPs devices. This similar phenomenon has been also reported in the similar ZnO NPs based heterostructure photodetectors [26] . Compared to pure PbS QDs film, the PbS/ZnO heterostructure photodetector exhibits an increased photocurrent and decreased dark current. We attribute the increased photocurrent for heterostructure at 375 nm to the photo-generated electron transfer from PbS QDs to ZnO NPs, resulting in electron and hole separation. The I light /I dark ratio and responsivity (R) of the flexible PbS QDs/ZnO NPs photodetector under different wavelength light illumination with the power intensity of 15.96 mW cm -2 at 5 V bias are shown in Fig. 2d . The I light /I dark ratio and responsivity increase with the light wavelength decreasing from 1,064 to 375 nm. The timeresolved photocurrent of the flexible photodetector under 375, 532 and 808 nm light illumination shows that the PbS/ZnO device not only has a broadband photoresponse range (from UV to NIR) and high I light /I dark ratio of 7.08×10 3 (under 375 nm light illumination with light intensity of~15.96 mW cm −2 at 5 V bias), but also displays excellent stability and reproducible switching property (Fig. 2e) . The rise and decay time are measured to be about 1.01 s and 1.35 s (Fig. 2f) , respectively, which are defined as the time between 10% and 90% of maximum photocurrent.
The comparison of the photoelectric performance between the PbS QDs/ZnO NPs heterostructure and pure ZnO NPs photodetectors was shown in Fig. 3 . For the pure ZnO NPs, the photoresponse significantly decreases when the incident light wavelength is longer than 400 nm due to the band gap of~3.3 eV. However, for the heterostructure, a significantly increased response in the range from Vis to NIR can be observed, which should be attributed to the absorption of PbS QDs. The response for the heterostructures at Vis and NIR range are superior to that of pure ZnO NPs by three orders of magnitude, but the response in the UV range remains, which could be clearly seen in Fig. 3a . It should be noted that the heterostructure devices show a strong photoresponse in Vis-NIR region, consistent with the absorption peak of the PbS QDs/ZnO NPs with a complementary absorption in Vis-NIR region. This clearly indicates that the enhanced photoresponse of the heterostructure in the Vis to NIR range is due to the PbS QDs. The detectivity of PbS QDs/ZnO NPs heterostructure can reach 10 11 Jones and 10 10 Jones in the Vis and NIR light range, respectively, but maintain its detectivity of 10 12 Jones in UV region (Fig.  3b) . In addition, the responses of ZnO, PbS and PbS/ZnO based photodetectors under 375 nm light illumination . . . . . . . . . . . . . . . . . . . . . . . . . . . . Under the light illumination, the electro-hole pairs are photo-induced in the PbS QDs/ZnO NPs heterostructure photodetector. For the heterostructure photodetector, the interface of PbS QDs/ZnO NPs films plays a key role in charge dissociation and transportation. The electrons tend to migrate to the part of ZnO NPs while holes drift to PbS QDs under the built-in electric field. As a result, the recombination rate of the carriers (electrons and holes) further decreases for the heterostructre photodetector, which thus contributes to the photocurrent and response speed. The enhanced photoresponse and response speed are first of all associated with the photoinduced charge transfer between the PbS QDs and ZnO NPs in the heterostructures (More detailed discussion can be found in later).
The typical performances of the PbS/ZnO photodetector are shown in Fig. 4 . The I-V curves of the photodetector show that the photocurrent increases gradually with the increase of the light intensity under different wavelength (375, 532 and 808 nm) light illumination (Fig. 4a, c and e) . It also exhibits much stronger and broadband photoresponse than the pure ZnO photodetector (Fig. S7 ) only in the UV-Vis region and broadens its photoresponse region to the NIR. The photocurrent increases almost linearly with the incident light power intensity under all wavelength light illumi- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   230 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . nation, while the responsivity decreases (Fig. 4b, d and f) . It can be concluded that with low light intensity illumination, photogenerated holes will occupy the surface states and immediately combine with the negative charged oxygen. However, more traps will be further filled by photo-induced charge carriers as the light intensity increases. Since the more traps are fully filled, the extra photoinduced carriers will recombine quickly, thus leading to the saturation of photocurrent [38] . It is consistent with previous reports for photodetectors, indicating that the flexible photodetector is a photon-dependent resistor [39] . The photocurrent can be expressed as following [8] : I ph =AP θ , where I ph is the photocurrent (I ph =I light −I dark ), A stands for a constant, P is the intensity of incident light, θ is a power law index. According to the power law equation, the θ value can be calculated to be 0.89, 0.58 and 0.76 (0.5<θ<1) under 375, 532 and 808 nm light illuminations, respectively. These results illustrate the loss of the light energy during the conversion from incident light energy to photocurrent, which can be attributed to complex processes in the carrier generation, trapping, and electron-hole recombination in the semiconductor [40, 41] .
To further evaluate the performance of the photodetector, the responsivity (R) can be described as the following [42, 43] : R=I ph /(PS), where P stands for the light intensity, and S is the effective illuminated area. For this flexible photodetector, the effective illuminated area is approximatively 750 μm 2 (the channel width and length of the devices are 150 μm and 5 μm, respectively). The maximum responsivity is calculated to be 4.54 A W -1 at 375 nm, 2.73 A W -1 at 532 nm, and 0.42 A W -1 at 808 nm, respectively. Similarly, the specific detectivity (D * ) is an another important parameter to evaluate the performance of the photodetector, which can be expressed as follow: [30, 33] 
, where I dark is the dark current, and q is the absolute value of charge (1.6×10 −19 C). As shown in Fig. S10 , the D * for the photodetector were measured to be 3.98×10 12 , 2.39×10 12 and 3.65×10 11 Jones at 375 nm, 532 nm, and 808 nm at the bias of 5 V bias, respectively, where D * is measured in unit of Jones (1 Jones=1 cm Hz 1/2 W −1 ). The responsivity of our flexible photodetector reaches a maximum value of 4.54 A W -1 and 3.98×10 12 Jones at the incident light power intensity of 11.20 μW cm −2 under 375 nm light illumination at 5 V bias. The comparison of the performances for some similar photodetectors is listed in Table  S1 , indicating outstanding optoelectronic performances of our flexible heterostructure based photodetector.
To further evaluate the practical application of the flexible photodetector, the electrical stability under different bending conditions were measured, as shown in Fig. 5 . Fig. 5a shows the relationship of photo-current and different bending conditions under 375, 532 and 808 nm light illumination. During the bending process, six different bending conditions of the flexible photodetector with various bending angle from 0°to 150°were studied and labelled as state I-VI, respectively. It can be seen that the photocurrent almost remains nearly unchanged at six different states, indicating that the photocurrents have no significant change with different bending conditions. In order to evaluate the folding endurance property for practical application, the flexible photodetector was bent several times by an automatic linear motor (Fig. S11) . Fig.  5b-d show the I-V curves of the PbS QDs/ZnO NPs heterostructure based flexible photodetector without bending and after 100, 200, 300, 400 and 500 times bending under 375, 532 and 808 nm light illumination, respectively. The photocurrent decreases at the beginning of the bending movement while the photocurrent still remains the same order of that after 500 times bending under different wavelength light illumination. The reduced photocurrent at the beginning of the bending process may be attributed to the interspace formation in Ti/Au electrode [8, 44] . After bending 500 times, the photocurrent still remains the same order of that before bending under different wavelength light illumination. at 5 V bias. The unencapsulated devices were stored and measured in ambient air at room temperature without any relative humidity control. As shown in Fig. S12a , the spectra responsivity of the device was recorded for 15 days. In the first few days of storage, the device performance was actually improved slightly and subsequently remained stable during the entire testing period. The initial improvement in device performance has been reported for other similar PbS QDs/ZnO NPs devices SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . [19, 45] . Since ZnO NPs have a large surface area, atmospheric or residual oxygen and moisture can easily bind to their surfaces. For the heterostructure devices, PbS QDs have been spin-coated to passivate the ZnO NPs film from further reactions with oxygen and moisture. Thus, photoexcitation and surface passivation can improve the performance of the devices [46] . In order to investigate the illumination stability, the performance of the heterostructure has been recorded under 100 mW cm -2 simulated AM 1.5G illumination with different illumination times in nitrogen atmosphere, as shown in Fig. S12b . It is found that PbS QDs/ZnO NPs photodetector shows excellent photo-stability, even after 72 h of continuous illumination.
To understand the working mechanism and the performance enhancement of the flexible PbS/ZnO heterostructure based photodetector, we further performed PL measurements on PbS and PbS/ZnO heterostructure (Fig.  6a) , respectively. As we know, PL intensity is mainly determined by dipole-dipole couplings or charge transfer. The dipole-dipole interaction arising from the dipole moments between acceptor and donor usually takes place among molecules [47] [48] . When it comes to charge transfer, the nonradioactive rate of two adjacent photosensitive materials can be simultaneously increased, arising from light emission quenching from all transitions [16] . Compared with the PbS-only PL spectrum (emission center located at~995 nm, corresponding to PbS near band-edge emission), a significant decrease in the bandto-band transition peak obviously occurs in the PbS/ZnO heterostructure. This phenomenon further indicates that a great proportion of the photo-generated carriers may transfer between PbS and ZnO. Moreover, it also illustrates that the PbS QDs/ZnO NPs heterostructure may ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   232 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . prevent or reduce the photo-generated carrier recombination [16, 49] . The recombination rate of the electron-hole pairs will decrease due to the spatial separation of the photo-induced carriers, which leads to a significant increase of the carrier density in heterostructure. The PL spectra of the pure ZnO NPs, PbS QDs/ZnO NPs and pure PbS QDs from 340 to 850 nm are obtained with excitation of 325 nm He-Cd laser, as shown in Fig. S13 . Besides the band-edge emission at 360 nm, an emission around 550 nm is also observed in pure ZnO NPs. It mainly originates from the surface oxygen vacancies known as deep donors [50] . PbS/ZnO heterostructure has a noteworthy decrease in the intensity of the emission peaks compared to the bare ZnO NPs film. It further demonstrates that the large proportion of the photo-generated carriers may transfer between PbS and ZnO. Energy bandgap diagrams of the PbS/ZnO heterostructure under light illumination are shown in Fig.  6b , c. Before contact, under illumination with an incident light energy larger than the band gap (E g ) of the semiconductor, electron-hole pairs are photo-induced, while holes are readily trapped by the surface with the unpaired electrons. In PbS/ZnO heterostructure, unpaired electrons tend to transfer from PbS layer to ZnO layer and the holes will transfer from ZnO to PbS due to band alignment under light illumination. Thus, the formation of heterostructure facilitates charge carrier transport and enhances the performance of the photodetector.
CONCLUSIONS
In conclusion, we have synthesized the PbS QDs/ZnO NPs heterostructure based flexible photodetector via a facile and low-cost solution-processed approach. The flexible heterostructure photodetector exhibits a broadband photoresponse range from UV-Vis to NIR with high current on/off ratio of 7 11 Jones at 808 nm respectively. In addition, the flexible photodetector displays excellent durability and stability even after 500 times bending cycles. We envisage that this work paves a promising way for constructing next-generation high-performance flexible and broadband optoelectronic devices.
